Effect of aspect ratio and anode location on the field emission properties
of a single tip based emitter
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The effect on the field emission characteristics of the aspect ratio of an isolated emitter, together
with the position of the anode electrode are reported. We show by computational simulation that the
field enhancement fact@ is only dependant on the emitter heidhtradiusr, when the anode to
cathode separation is greater than three times the height of the emitter away from the tip. In this
regime the enhancement factor is independent of the anode location and approaches a value depicted
by h andr alone and is described by the expressiiar (1+vh/ar)™ wherea=2 andm=1. As the

anode is brought close to the tip of the emitter, the emitter tip and anode approximate a parallel plate
configuration and the enhancement factor tends to unity. Extracted enhancement factor and
threshold fields are described by a modified applied electric field taRing as the separation.
Comparison with previously reported experimental results is also gi®@e2005 American Vacuum
Society.[DOI: 10.1116/1.1880072

Carbon nanotube$CNTs), since their identification in and a sphere-on-cone emitter the local field enhancement
1991} have shown to possess a fascinating structure, angheglectingV/d) close to the tip of the emitter was given by
their use as electron sources in vacuum microelectronics and .
nanoelectronics has been widely repoFte‘Ehe mechanism BLocd™, (1)

of field-induced electron emission from a nanotube is under\'/vhereﬁl_ is the local field enhancement due to the emitter

stood to be due to the applied electric field undergoing a haped is the emitter-anode gap, ands related to the cone
increase at the tip of the CNT, often referred to as the ﬁek%pening angléfor an opening andle of Bsphere on a plaie
enhancement factgs. For a single, isolated CNT, the value n=1: for an opening angle ofr/2 [sphere on a cylinder

of enhancement factor is believed to be elependant on thﬁ:O),. Mayer and coIIeagué% have used a transfer matrix
length, rad_lus, and type of structure, ie., mU|t'Wa|,Iedtechnique to compare the field emission behavior between
(MWNT), smglewalled(SWNT), open or closed cap: 'I_'h|s metallic single-walled nanotubéSWNT) and a multiwalled
has been subject to several computational and eXpe”mentﬁenotube(MWNT) composed of the three single-walled
investigations”® Geometric enhancement is not just appli-yyhes They observed that the emission from the MWNT is
cable to CNT b”t_ also exists in a number of other t'p'tg,""secilarger than the total current obtained from consideration of
structures including: SIC na_nO\ivzlresMoO3 nanobeltsﬂ the individual walls separately. They also noted that the
tungsten nanow;rejsl, spindt tips,” and copper sulphide  gnmisgion was improved when the end of the tubes were con-
nanowire arrays: Much of the analysis performed on ex- ey rather than flattop They further showed that the emis-
perimental data has relied upon analysis of the emission CUL;, hehavior of bundles of open and closed tubes were de-
rentl to field E (or voltageV) characteristics using the well- pendent on two factors; whether the tubes were open or
known field emission mechanism of Fowler and Nordh%‘lm. closed and the role of proximity field screening by neighbor-
The standard analysis often ;nvolves a plot of the(l6B*)  jq tubes'® Closed tubes are found to emit less current than
versus 1E (or equally logl/V* against 1¥) and from the 50 yhes and that their field emissi6fE) characteristics
slope of the graph an approximate value for the field enye found to be more sensitive to the local electric field.
hancement factop can be extracted. The role @f is the  rpeqretical investigations of field screening due to neighbor-
enhancement of the applied macroscopic electric field sucf pes are important in explaining the FE characteristics
that under the action of the local electric field, tunneling ofg,.h as threshold field and emission site density. Nilston
electrons from the Fermi level, into the vacuum, through they; compare the threshold field for a mat of tubes and con-

potential barrier becomes possible. The interpretatio,of | ded that the optimum nanotube spacing was found to be
which is a dimensionless quantity if electric field rather thanapproximately twice the height of the nanotdBe.

voltage is used in the analysis, is therefore of great impor- " o use of computer simulations continues to be an im-
tance. portant and valuable tool in the electronics industry. Accurate
There have been a number of attempts to model the bes, o ations of electrostatic problems can be performed on a
haviour of 3 for a range of nanotube height and radius. Early, e range of aspect ratigbeight over radiusof emitters.
work by Dyke and Dolaf? showed that for a planar anode | s article, electrostatic simulations of isolated emitters
are reported. We investigate the electric field enhancement
¥Electronic mail: r.c.smith@eim.surrey.ac.uk factor 8 of a range of aspect ratios from (being a hemi-
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spherg to 500. We further explore the effects of the location ‘ W R

of the anode electrode to emission characteristics. 16 Anode r S
Simulations of metallic emitters, to ensure no field pen- T3

etration, of varying aspect ratitheight over radiuswere 43 (a)

carried out to investigate their field emission, and more par- £ 203 r= =

ticularly their field enhancement properties. The emitter con- 1‘5-5 D

sists of a hemispherical cap of radiuen top of a cylindrical
shank with total shank and cap height™They were placed

-

1Y

il
=

Anode to Cathode Separation (um)

in a vacuum and on a grounded cathode electrode so that the; 08—

surface area of the emitter and the cathode has an equipoter o.4-§

tial value of 0 V. An anode electrode was suspended above 0 1 . Cathode e ——t
the emitter tip at a distande away. The commercially avail- 16 22 1 0 1 2 16

able sitvaco™ packagé®® was employed to carry out the Work area width (um)
simulations, in two dimensions, and due to the simulation
package, the work area or width of the simulation setup, was
kept at 32um to ensure no field screening due to edge ef- .
fects. A mesh(or grid) is automatically determined by the 1807 (b)
software over the structure, where intersections between the _ ]
x andy axes of the mesh determines a calculation point. The _E 140+
density of intersection points were then manually increased 2 120+
around the emitter tip to allow the local electric fidg., to X

be accurately extracted. A mesh line spacing of 0.5 nm was - 804

Field
=)
<

used at and around the tip. To ensure the accuracy of theg 60
extracted electric field we simulated the electric field en- £ 40 k‘l
hancement of a hemisphere and also mathematically calcu-" : lﬁ%gz"_
. . 20+ —Q=—p—0
lated the enhancement for comparison. The field enhance- 0l

ment factor of a hemisphere in two dimensions was found by 0 5 10 15 20 25

solving a Laplace equation, a value of 2 was calculated. A 2

um radius hemisphere on a grounded plane in a vacuum with

a planar anode was simulated and both applied and loc#&le. 1. (8 Schematic of the simulation setup showing a single isolated

electric field were extracted by the simulator. A field en- emitter in a vacuum on a grounded gold cathode electrode and beneath a
y T gold anode with a positive potentigb) Threshold fieldET vs D for emit-

hancement factor of 2.0 was found confirming the accuracyers of radius 200 nm and heights ofM), 4 (O), and 6(A) um.

of our setup. Figure (B) is a schematic of the simulation

setup. Current-voltagé—V) measurements were carried out

on an emitter of height 2, 4 anduén and radius 200 nm with E

an applied e_IecT‘triC field of C_)—lOO_/);m‘_1 to ensure sufficient_ B= '+°a' 2

electron emission from a single tip. Simulations were carried (5)

out at an anode to tip separation-h, of 0.1um above the  \y feel that as the anode electrode approaches the tip of the
tip with emission current and local electric field recorded,emjtter, the tip and anode approximates to a parallel plate

until emission was no longer noticed. Figuréo)llshows the  configuration, as often assumed in probe-based field emis-
threshold fieldEy for the three emitters of heights 2, 4, and 6 sjon testing systems. In this case the applied electric field

um and constant radius 200 nm. It is clear tBatis highest EappliedCan be taken as

at low D, decreasing and saturating at hibh In this case, Vv

all properties of the emitter simulations were kept identical;  E,ppjieq= . (3)

the only aspect that was varied was To investigate further (D-h)

we extracted the electric field enhancement fagiofor a  Therefore,B; is defined as

Anode to Tip Separation (um)

range ofD. E

Enhancement factor againStis shown for an emitter of B1= 'Sfa' _ (4)
radius 100 nm and heights of 2, 4, angu® shown in Fig. [ﬂ]
2(a) and radius 50 nm and heights 2, 4, anqu6 in Fig. At sufficiently large anode to cathode separations the

2(b). Arange ofD from 0.1um above the tip of the emitter, presence of the height of the emitter becomes negligible,
to 500um are shown. It is appropriate to say at this point thathowever, when the anode is brought close to the tip of the
while enhancement factor is usually defined as the local fielé@mitter it can be said that the anode and tip approximate a
over the applied field, where the applied field is usually takerparallel plate configuration. In this case it is more appropri-

as the applied voltage over anode to cathode separfation  ate to define enhancement As in Eq. (4) due to whenD
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Fic. 3. B, against 1€h/ar)®5. Linear fit has a gradient of 1.

a function ofD, h, andr, but at highD, B, is a function ofh
andr alone. These values at highare investigated in Fig. 3.
Aspect ratios of 1 to 500 were simulated, g8glextracted.
Based on an analytical model for an ellipsoid cylinder,
Kosmahf® derived an expression for the two-dimensional
enhancement factor given by

Bo= (1 +\hir)™, (5)

whereh is the height of the protrusion, is the radius of

- — T curvature given byn?/r, andm=1. The fit to data from the
1 10 . 100 simulation for a power law dependence based on(&gand

Anode to Cathode Separation (um) r.=radius of the curvature taken gives a slape0.94. Al-
Fic. 2. () Enhancement factgs, trend with increasindp for three emitters tho“gh the geometry of the -spher0|d .IS different from that Of
of constant radius 100 nm and heights off®), 4 (O), and 6(A) um. (b). a cylindrical shaft capped with a hemisphere, the excellent fit
Enhancement factor trend with increasibgfor three emitters of constant petween the simulated data and Ea) strongly indicates
radius 50 nm and heights of (M), 4 (O), and 6(A) pum. Applied electric nat the functional form of Eq5) is able to describe the data
field is taken ad//(D-h). Dotted lines indicate asymptotic fit to data using . . . . . . L
Eq. (6). obtained in this study. An alternative equation with a similar
functional form is given in Eq(6) below

Bo= (1 +\h/ar)™. (6)

Enhancement Factor f,

—h approaches zerg, approaches unity which is expected
from a parallel plate configuration. It is seen in Figezand  In this case a value aoh=1 is obtained witho=2.0. It is not

2(b) that B, for all emitters is lowest at lowd, increasing and clear whether there is any significance that can be attached to
saturating a® increases. The point of saturation occurs ata value ofa=2 at present. The values gf for the range of
approximately 3h. For all emitters it is seen th@t ap-  aspect ratios of 1-500 are plotted in the formgyfversus
proaches 1 as the anode approaches the tip. This ties in wifi +(h/ar)®®] and shown in Fig. 3. This function is em-
the highE; seen in Fig. tb) and also the assumption that the ployed to ensure a gradient of 1, therefore linking the equa-
system approximates to a parallel plate configuration. Simition to simulated values for values of enhancement factor
lar trends of threshold field and enhancement factor of tipwhen the anode electrode is sufficiently far away from the
based emitters were seen in experimental results of singlgrotrusion. Using the simulated emitters of Fig.a)2 of
walled nanotubes by Bonagt al?° They initially showed in  height 2, 4, and @m with radius 100 nm a limiting enhance-

a plot of current density against macroscopic field that as thenent factor of 4.16, 5.47, and 6.48, respectively, were found
anode electrode is close to the emitters, the threshold field issing Eq.(6), and for Fig. Zb) emitters of height 2, 4, and 6
higher than that when the anode is sufficiently far awayum with radius 50 nm give a limiting enhancement factor of
Their results tie in with our simulated results of Fighll  5.47, 7.32, and 8.74, respectively. This asymptotic expres-
They further went to extract a field enhancement factor forsion can be seen as the dotted lines to Figa) and 2Zb);

the sample and showed that it increases and saturates with #rese values for the individual emitters are the limiting val-
increasing interelectrode distance, which ties in with ourues of enhancement factor when the anode plane is suffi-
simulated results of Figs(@ and Zb). Itis also importantto ciently far from the emitter tip, and is depicted by the emitter
say from the graphs of Figs(@ and 2b) that at lowD,3;is  geometry alone, not the precise anode location.
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